Thermalization of magnetically trapped metastable helium by Browaeys, A et al.





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































0 100 200 300 400 500
RF knife frequency (MHz) RF knife frequency (MHz)





































FIG. 1: RF spectrum of atoms in the magnetic trap. a) Fraction of remaining trapped atoms after the RF pulse as a function
of the RF frequency . b) Derivative of these data, i.e. the energy distribution in the magnetic trap. The solid line is the
prediction for a cloud at a temperature of 1.1 mK, the temperature measured by time of ight (TOF). The dashed line indicates
the frequency corresponding to the bias eld.
o. The collection and detection eÆciency of the MCP
varies by roughly a factor of two depending on the mag-
netic eld conguration we use, and so one must take
care to only use data corresponding to the same mag-
netic eld when making comparisons. We also use the
MCP to monitor the atoms falling out of the trap while
applying an RF knife. The area of the MCP signal in this
case measures the number of atoms with an energy above
that of the RF knife. Finally, when we bias the grids so
as to attract positive ions, the MCP signal can be used
to observe the products of Penning ionization with the
background gas while the trap is on. This signal is pro-
portional to the number of trapped atoms. We observe
an exponential decay, indicating that two body loss (He*
+ He*) is negligible.
Two parallel coils in the vacuum system produce an RF
magnetic eld perpendicular to the bias eld and consti-
tutes the RF knife. To understand the eect of the RF
knife on the trapped cloud and to assure that our sam-
ple is at thermal equilibrium, we rst performed an RF
spectroscopy measurement of the energy of the atoms in
the trap [24]. We apply an RF pulse at a frequency h
which changes the Zeeman sublevel of the atoms from the
trapped M = +1 state to M = 0. The duration of the
knife is 3 s, which is necessary to expel all the atoms with
energy above h over the entire range which we explore.
We then turn o the magnetic trap to measure the num-
ber of remaining atoms. Observation of the atoms falling
onto the MCP during the RF knife shows that the ux of
atoms expelled is negligible at the end of the pulse. An
example of the RF spectrum is shown in Fig. 1a). The
derivative of the data gives the energy distribution. In
Fig. 1b) we compare this distribution with a thermal one
at 1.1 mK, the temperature measured by an independent
TOF measurement. We conclude that our atomic sample
is close to thermal equilibrium.
We begin the thermalization experiment with a 2 s
RF knife of frequency 
1
= 135 MHz (corresponding to






T  6). Next we measure the
number of atoms falling onto the MCP during a second
RF knife at a slightly higher frequency (
2
= 138 MHz)
and delayed by a time t. Assuming that the angular dis-
tribution of the atoms expelled by the second RF knife
is constant during the thermalization process, the MCP
signal is proportional to the number of expelled atoms.
Plots of the number of expelled atoms as a function of t
are shown in Fig. 2 for samples having dierent numbers
of atoms but the same temperature to within 10%. Fig. 2
shows that the number of atoms above the RF knife in-
creases rapidly and then falls again with a time constant
close to the trap lifetime as atoms are lost. If the ini-
tial increase is indeed due to thermalizing collisions, the
initial slope of each curve should be proportional to the
square of the number of atoms. Our data roughly conrm
this dependence.
To be more quantitative, and to determine the ther-
malization time 
th
, we use a model based on the Boltz-
mann equation under the suÆcient ergodicity hypothesis





, with energies below and above
k
B





ber of atoms belonging to the two regions. We assume
that   1. Immediately after truncation, N
+
= 0, and
we seek a dierential equation governing the time depen-
dence of N
+
. Since   1, we only take into account









neglect all collisions involving two atoms in E
+
in either

























are calculated using Boltz-





evaporation rate in an evaporative cooling process [25].

















FIG. 2: Integrated MCP signal during the RF probe pulse
as a function of the delay between the truncation and probe
pulses. The three curves correspond to 5  10
7





atoms in the trap, varied by changing the power in
the Zeeman slowing laser. The lifetime of the trap is 38 4 s,
and the temperature is 0:9 0:1 mK.





have thermal distributions [26], neglect
variations of the temperature during thermalization and





are analytic functions of the trap







latter parameter appears because our trap cannot be
approximated by an harmonic trap; we use the semi-
linear form [25]. It is straightforward to take into ac-







(0) exp ( t= ). The solution of the






































The elastic collision rate is 
el
= nv with n dened at









and q are dened as in [25, 27]; they are






T . The quantity q
is the ratio of the number of atoms below the RF knife to
the total for a thermal distribution (about 0.9 under our
conditions), and N
th
is the asymptotic value of N
+
for
innite trap lifetime. Numerical simulations of the en-
ergy form of Boltzmann equation are in good agreement




is 1:8 times larger meaning that our assumption about
the distribution function fails for small  [27]. We take
this factor into account in calculating 
el
.
To t the data of Fig. 2 with eq. (2), we x the lifetime





parameters. The uncertainty in 
th
is estimated by vary-
ing the lifetime of the trap within its uncertainty range
and looking at the resulting dispersion in 
th
. The uncer-














FIG. 3: Thermalization rate 
 1
th
versus the area of the cor-
responding TOF spectrum (proportional to the number of
trapped atoms). The solid line shows a linear t constrained
to pass through the origin.
tainty in the number of trapped atoms is estimated from
the dispersion of the TOF area measurements before and
after taking a curve as in Fig. 2. The exact value of q
has little inuence on the t.
We have made several tests to check the consistency of
our results. First, we have checked that the tted value of
N
th
corresponds to the expected fraction of atoms above




is proportional to the number of trapped atoms, as
it must be if the process of relling of the upper energy
class is due to two body collisions. We can exclude any
eect independent of the number of atoms. The line pass-
ing through the origin uses the slope as a t parameter
and has 
2
= 5 for 8 degrees of freedom. Third we have
done an additional experiment that conrms the presence
of elastic collisions: in a trap decay rate experiment, in
the presence of the RF knife, the ion signal exhibits a
clear non-exponential behaviour at short times. This ef-
fect can be satisfactorily interpreted as elastic collisions
bringing atoms above the RF knife and hence allows a
measurement of the evaporation rate. This rate is con-
sistent with the results obtained in our thermalization
experiment. Fourth we have checked that heating can-
not explain the repopulation of the upper energy classes.
With the trap undisturbed, we can place an upper limit
on the heating rate of 25K in 60 s. This limit is two or-
ders of magnitude too low to explain our data. Lastly, we
have performed the thermalization experiment for dier-
ent lifetimes of the magnetic trap (20, 40 and 60 s) and
found consistent results.
From our data in Fig. 3, we can deduce an accurate
measurement of the thermalization time; the t gives

th
= 3:0 0:3 s for the densest sample. Using the mea-





= 6  1 s
 1
; this result depends on the accuracy
of our thermalization model. To nd the rate constant
 = 
el
=n, we must estimate the density. Since the data
4show that our sample is close to thermal equilibrium, we
can calculate the volume of the trap knowing the trap
parameters. The absolute measurement of the number
of atoms is performed by measuring the total power ab-
sorbed from a saturating laser beam, similar to [15]. A
TOF area of 75 mV.s corresponds to 10
8
atoms in the
magnetic trap with an uncertainty of a factor of 2. This




/s to within a factor 3 at
T = 1  0:1 mK. The ENS-Paris group has obtained a
similar result with a dierent measurement [28]. The uni-





means that it is probably not valid to use a constant elas-
tic cross section in our model and some deviation might




. We are currently investi-
gating renements to our thermalization model.
The results shown here are very encouraging for
evaporative cooling of He* in search of BEC.
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